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Edited by Vladimir SkulachevAbstract Several polyphenolic compounds, including ﬂavonoids
and phenolic acids, were compared with their per-methylated
forms in both chemical and cell-based assays for antioxidant
capacity. Methylation largely eliminated ‘‘chemical’’ antioxi-
dant capacity, according to ferric reducing antioxidant power
and oxygen radical absorbance capacity assays. Methylation,
however, only moderately reduced protection of human Jurkat
cells in culture, from hydrogen peroxide-mediated cytotoxicity,
at physiologically relevant concentrations. Neither methylated
nor un-methylated compounds were detectably metabolized by
the cells. It appears that the protective mechanism of polypheno-
lic antioxidants against high concentrations of hydrogen perox-
ide in human cells may be largely unrelated to chemical
antioxidant capacity.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Polyphenolic compounds, such as ﬂavonoids (e.g., querce-
tin) and phenolic acids (e.g., caﬀeic acid) are eﬀective antioxi-
dants in vitro, mainly because of their ability to scavenge
damaging free radicals [1]. This activity has long been thought
to be equally important in vivo [1]. The real in vivo direct anti-
oxidant eﬀect of dietary polyphenolics, however, is increas-
ingly being questioned and may actually be quantitatively
insigniﬁcant [2,3]. The bioavailability of most polyphenolics
is low, in the range of 0.1–10 lM plasma concentration [4]
and they can act as pro-oxidants in some circumstances [1,5].
Nobiletin, a natural poly-methylated citrus ﬂavonoid, has
been shown in Caco-2 cell-based absorption studies to cross
the cell monolayer almost twice as fast as un-methylated lute-
olin and to accumulate in the cells, whereas luteolin did not [6].Abbreviations: LCMS, liquid chromatography mass spectrometry; ESI,
electrospray ionisation; HPLC, high performance liquid chromato-
graphy; NMR, nuclear magnetic resonance; FRAP, ferric reducing
antioxidant power; ORAC, oxygen radical absorbance capacity; CDI,
cell death index (derived from ﬂow cytometry); EC50, (‘‘eﬀective con-
centration’’ at which a test compound halved the CDI)
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doi:10.1016/j.febslet.2006.08.051Other, synthetic poly-methylated polyphenolics might be ex-
pected to have relatively high bioavailability to cultured cells,
but to have little or no chemical antioxidant activity, as their
reactive phenolic hydroxyl groups are masked. They could
therefore be useful mechanistic probes for any ‘‘non-chemical’’
antioxidant capacity of polyphenolics. In this study, methy-
lation did greatly reduce chemical antioxidant capacity, but
nevertheless, capacity to protect cultured cells from hydrogen
peroxide was much less reduced.2. Materials and methods
2.1. Materials
Quercetin, phloridzin, phloretin, catechin, caﬀeic acid, ferulic acid,
3,4-dimethoxycinnamic acid (caﬀeic acid-Me) and cinnamic acid were
obtained from Sigma Chemicals (St Louis, MO), Acros Organics
(NJ, USA), or Lancaster Synthesis (Lancs., UK).
2.2. Methylation of ﬂavonoids
Quercetin, catechin and phloridzin were methylated with dimethyl
sulphate to give partially or fully methylated derivatives. For example,
a mixture of phloridzin (30 mg), dimethyl sulphate (1 ml) and potas-
sium carbonate (200 mg) in acetone (10 ml) was stirred at 45–50 C
for 24 h. The solvent was removed under nitrogen ﬂow. The residue
was suspended in water (3 ml) and ammonia solution (25% w/v;
0.5 ml) and extracted with ethyl acetate (3 · 3 ml). The combined ethyl
acetate extracts were dried and puriﬁed by silica gel chromatography
to aﬀord phloridzin-Me (28 mg). Phloridzin-Me (15 mg) was deglyco-
sylated in aqueous hydrochloric acid (0.5 M, 2 ml), stirred at room
temperature overnight and extracted with ethyl acetate (3 · 1 ml).
The combined ethyl acetate extracts were dried to give phloretin-Me
quantitatively. Structure determination was by liquid chromatography
mass spectrometry (LCMS) and 1H and 13C NMR, with conﬁrmation
of assignment of NMR resonances by HMBC (heteronuclear multiple
bond correlation).
2.3. LCMS characterization of methylated polyphenolics
Phenolic compounds and methylated derivatives were identiﬁed and
quantiﬁed by LCMS using a LCQ Deca ion trap mass spectrometer ﬁt-
ted with an electrospray ionisation (ESI) interface (ThermoQuest,
Finnigan, San Jose, CA, USA) and coupled to a Surveyor high per-
formance liquid chromatography (HPLC) and diode-array detector.
The HPLC column used was a 150 · 2 mm Aqua, 3 lM particle size,
125 A˚ pore size, C-18, analytical column (Phenomenex, Auckland,
NZ) maintained at 35 C. A 0.2 lm in-line ﬁlter (Alltech, Deerﬁeld,
IL, USA) was installed before the column. Solvents were (A)
water + 0.1% formic acid and (B) acetonitrile + 0.1% formic acid and
the ﬂow rate was 200 ll/min. The mobile phase composition was
100% A from 0 to 10 min, ramped to 10% B at 25 min, 30% at
35 min, 50% at 40 min, 95% between 44 and 47 min and back to 0%
between 49 and 65 min. Samples were dissolved in solvent A
(100 lL). Sample injection volume was 10 lL. UV–Visible detection
was by absorbance at 200–600 nm. Solvent ﬂow to the MS wasblished by Elsevier B.V. All rights reserved.
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data were acquired in the negative mode using a data-dependent LC–
MS2 method.
2.4. Ferric reducing antioxidant power (FRAP) assay
FRAP of phenolic compounds was compared, in duplicate, with that
of the reference antioxidant Trolox ((R)-(+)-6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid, Sigma) using a published pro-
cedure [7]. Results were calculated as lmol Trolox/mmol of test com-
pound.
2.5. Oxygen radical absorbance capacity (ORAC) assay
ORAC of phenolic compounds was compared, in triplicate, with
Trolox using a published procedure [8], a modiﬁcation of the fully
aqueous method [9] in which the sample solutions are made up in
methanol to improve solubility of hydrophobic compounds. Results
were calculated as lmol Trolox/mmol of test compound.
2.6. Culture of Jurkat cells and measurement of hydrogen peroxide
mediated cytotoxicity
Jurkat cells (clone E6-1) were cultured and incubated as described
previously [10], under four diﬀerent conditions, i.e., in the presence
of: 50 lM H2O2, test phenolic compound (concentrations from 0.25
to 10 lM), both, or neither, in duplicate, for 18 h. Cells were classiﬁed
as normal, apoptotic or necrotic using ﬂuorescent staining and ﬂow
cytometry [10]. Results were expressed as cell death index (CDI), de-
ﬁned as: ((apoptotic + necrotic)/healthy cells) · 100. The percentage
of inhibition of H2O2-induced cell death by test compounds was calcu-
lated by the following equation:
%Inhibition ¼ DCDIHP  DCDISample
DCDIHP
 100
where DCDIHP and DCDISample are the CDIs resulting from 50 lM
H2O2 without and with test compound, respectively. The ‘‘eﬀective
concentration’’ at which a test compound halved the CDI (EC50) val-
ues were calculated through dose–response curves (not shown) of the
concentration of test compound (lM) against percent inhibition.
2.7. LCMS analysis of test compounds after incubation with Jurkat cells
Test compounds (10 lM) were incubated with cells as described in
Section 2.6 and the whole incubation mixtures frozen and stored at
80 C until extracted. Recovery standards of test compounds wereFig. 1. Structures of synthesised methylated ﬂavonoids showing percentage
parentheses) predicted by Chemdraw Ultra (CambridgeSoft Corp.) and thos
ﬂavonoid nucleus and the expected molecular ions by LCMS (not shown).prepared by adding compounds to cell incubations and freezing imme-
diately. Some incubations were separated into cell and growth medium
fractions by centrifugation and some cell pellets were washed with
fresh growth medium. Samples were prepared for analysis by freeze-
drying and then sonication with acetonitrile/water (1:1, 1 ml) at room
temperature. After centrifugation at 13000 rpm, the supernatants were
vacuum dried (Centrivap centrifugal concentrator, Labconco, Kan-
sas City, MO). Samples were stored at 80 C until analysed by LCMS
(see Section 2.3). Identiﬁcation and quantiﬁcation of test compounds
and correction for incomplete extraction or degradation during analy-
sis was achieved by comparison of UV and MS-molecular ion peak
areas with the un-incubated recovery standards. Ionisation of per-
methylated compounds (although observed with pure samples, see
above) was apparently suppressed in the relatively dilute and impure
cell extracts (with the exception of phloridzin-Me) so only UV quanti-
ﬁcation was used.3. Results
3.1. Methyl derivative synthesis
Quercetin and catechin were successfully per-methylated
(quercetin-Me, catechin-Me). Methylation of phloridzin was
accomplished selectively on the phenolic hydroxyl groups of
the ﬂavonoid, leaving the glucosyl residue un-methylated
(phloridzin-Me). Phloretin-Me was prepared, with one free
hydroxyl group, by de-glycosylation of phloridzin-Me
(Fig. 1). NMR signal integration indicated a >95% extent of
methylation.3.2. FRAP and ORAC values of methylated vs. un-methylated
compounds
Methylation reduced FRAP values much more than ORAC
values, for example, quercetin had a FRAP 650 times higher
than quercetin-Me, and an ORAC 15 times higher (Table 1).
Corresponding ratios were 81 and 29 for catechin and 427
and 30 for caﬀeic acid. Mono-methylated caﬀeic acid (i.e., feru-
lic acid) behaved similarly to caﬀeic acid in both assays. Caﬀeicpurities from HPLC, 1H and 13C NMR methyl resonances (ppm; in
e found. All compounds showed the expected NMR resonances for the
Fig. 2. Example dose-response curves for Jurkat cells: (a) cytotoxicity
of phenolic compounds (increased Cell Death Index (CDI) above
control); (b) protective eﬀect of phenolic compounds from 50 lM
hydrogen peroxide (decreased CDI from control value of 52). Test
compounds: Quercetin (j), Quercetin-Me (h), Catechin (m), Cate-
chin-Me (n).
Table 1
Comparison of FRAP and ORAC values with protective eﬀects from hydrogen peroxide on cultured Jurkat cells, of methylated and un-methylated
polyphenolics
Compound FRAP (lmol Trolox/mmol) ORAC (lmol Trolox/mmol) EC50
a (lM) Cytotoxicity at 10 lMb
Quercetin 2628 ± 88 10900 ± 260 0.15 ± 0.01 3.7 ± 0.3
Quercetin-Me 4 ± 0.1 700 ± 30 0.90 ± 0.17 14.8 ± 0.7
Phloridzin 76 ± 1.6 5180 ± 110 0.15 ± 0.02 2.1 ± 1.2
Phloridzin-Me 0 ± 0.1 8 ± 1 0.78 ± 0.23 16.9 ± 1.3
Phloretin 636 ± 12 4440 ± 270 0.14 ± 0.01 12.7 ± 1.8
Phloretin-Me 0 ± 0.3 700 ± 50 0.70 ± 0.03 12.6 ± 2.3
Catechin 976 ± 36 14560 ± 280 0.30 ± 0.03 9.5 ± 1.0
Catechin-Me 12 ± 0.8 500 ± 40 13.07 ± 1.52 5.8 ± 0.8
Caﬀeic acid 1708 ± 32 3970 ± 90 0.39 ± 0.01 15.4 ± 0.2
Ferulic acid 1520 ± 3 3640 ± 290 1.30 ± 0.33 7.5 ± 1.0
Caﬀeic acid-Me 4 ± 0.4 130 ± 6 4.15 ± 0.16 7.3 ± 1.0
Cinnamic acid 4 ± 0.4 120 ± 9 18.10 ± 3.58 18.4 ± 4.9
aDeﬁned as the concentration required to provide a 50% reduction in 50 lM hydrogen peroxide-induced cell death.
bDeﬁned as the cell death index (CDI) produced by the test compound at 10 lM, in the absence of hydrogen peroxide. The CDI of the H2O2 control
was 52 ± 2.5.
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hydroxyl groups) had very little activity in either assay. Meth-
ylation of phloridzin almost eliminated both activities. It ap-
pears that free hydroxyl groups are essential for reduction of
ferric ions, but less so for radical scavenging.
3.3. Protective eﬀects of phenolic compounds on hydrogen
peroxide-mediated cytotoxicity
The quantitative reduction in EC50 values of polyphenolics,
resulting from methylation, was mostly considerably lower
than the reduction in ORAC and FRAP values (Table 1 and
Fig. 2). EC50 values decreased 5–6-fold for quercetin, phlorid-
zin and phloretin, 43-fold for catechin and 10-fold for caﬀeic
acid. Removal of hydroxyl groups, as in cinnamic acid, essen-
tially eliminated the protective eﬀect. Most compounds had
EC50 values well within the range of plasma concentration
(0.1–10 lM) typically observed for dietary polyphenolics [4].
The very low cytotoxicity of quercetin and phloridzin was
increased several fold by methylation, but the increased toxic-
ity was only moderately greater than that of phloretin or cat-
echin. Methylation of phloretin did not change cytotoxicity
signiﬁcantly and that of catechin was reduced by methylation.
The relatively high toxicity of caﬀeic acid was reduced by
mono- or di-methylation but increased by removal of its OH
groups (cinnamic acid).
3.4. LCMS analysis of test compounds after incubation
with Jurkat cells
This analysis was carried out to compare the extent of any
degradation, or derivatisation, of methylated and un-methyl-
ated test compounds during the incubation period. The pres-
ence of hydrogen peroxide did not signiﬁcantly decrease
recoveries. Recoveries of methylated compounds were quanti-
tative, within the limits of error. Catechin and phloridzin
showed recoveries of 85 ± 5%, phloretin and ferulic acid,
50 ± 5% and caﬀeic acid 30 ± 10%. Quercetin was apparently
converted into 50% of a slightly more polar derivative, which
could not be identiﬁed, but had an identical UV spectrum and
a trace of a less polar derivative, possibly methylated. Overall
recovery was 30 ± 10%. There was no detectable deglycosyla-
tion of phloridzin or phloridzin-Me. Apart from quercetin,
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eﬀect of the degradation of the least stable compounds, on bio-
logical activity, would be approximately a 3-fold increase in
apparent EC50 for protection of Jurkat cells, resulting from de-
creased concentrations by the end of the experiment.
In experiments in which cells and growth medium were sep-
arated by centrifugation and analysed separately for level of
test compound, observed percentages of total test compound
in the unwashed cell fraction were, quercetin (27%), querce-
tin-Me (9%), phloridzin (26%) and phloridzin-Me (18%).
Washing of the cells did not signiﬁcantly change the level of
quercetin, but removed 85% of quercetin-Me and all detect-
able phloridzin and phloridzin-Me. Methylated compounds
appear to be somewhat less available to the cells and of the
compounds tested, only quercetin appears to be signiﬁcantly
bound to, or absorbed by the cells.4. Discussion
It has long been assumed that polyphenolics function in the
body similarly to their well-established ability to protect foods
from oxidation by scavenging reactive oxygen species and for
example, inhibiting oxidation of PUFAs [1]. The results from
this study have demonstrated that the polyphenolics studied,
at least in cultured Jurkat cells, could provide strong protec-
tion from hydrogen peroxide-mediated cytotoxicity, at concen-
trations likely to be achieved in vivo, even after their redox
activity was largely eliminated by chemical derivatisation.
Contrary to expectations, the hydrophobic methyl derivatives
of quercetin and phloridzin appeared to be less bioavailable
to the cells than the parent, un-methylated compounds. Un-
methylated compounds were less stable during incubation with
Jurkat cells, but this could account for, at most, a threefold in-
crease in apparent EC50, compared with methylated analogues.
It appears, therefore, that the methylated derivatives may be, if
anything, more potent in protecting Jurkat cells than their
measured EC50 values indicate. Washing of the centrifuged
cells had no eﬀect on quercetin, but largely removed the other
three compounds tested. This indicates that absorption by the
cells may not necessarily be required for phenolic compounds
to protect them from hydrogen peroxide.
The signiﬁcance of polyphenolics’ in vivo ‘‘chemical’’ antiox-
idant activity has recently been called into question as the
quantity of polyphenolics in the body, even after relatively
high consumption, is only a few percent of total plasma re-
dox-active substances [3]. In addition, polyphenolics appear
capable of generating of hydrogen peroxide within cells [5]
and even in un-inoculated cell culture media [11]. Coupled with
the results presented here, these observations suggest that
while polyphenolics almost certainly do have some ‘‘chemical’’
antioxidant eﬀects in vivo, their overall beneﬁcial eﬀect on the
body is much more complicated and much of their beneﬁt may
come from unrelated mechanisms. Possible contributory mech-
anisms of action have been demonstrated previously. These in-
clude direct binding to DNA and RNA [12], inhibition of genetranscription [13] and binding to/regulating cellular proteins
[14]. It appears that the beneﬁts of polyphenolics may arise
from multiple interactions, of which ‘‘chemical’’ antioxidant
eﬀect is just one.
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